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suMMARY

Resultsarepresentedof fatigue-crack-propagationstudiesconducted
duringfatiguetestsofninecompletewingsfromc-46airplanes.AISO
presentedaretheresultsof statictestsofthesewingswithfatigue
failuresofvariousextents.

k
Ingeneralthecracksgrewata slow,fairlyuniformrateduringa

largeportionofthefatiguelifeuntila certaincriticalpercentageof
4 thestructurehadfailed,afterwhichthecracksgrewrapidly.This

criticalpercentagewasfoundtovaryinverselywith.theloadlevel.The
portionofthefatiguelifeduringwhichthecrackwaspresentandgrowing
alsovariedintheseinemanner.

Anotherconstant-leveltestononeouterpsmelwitha macMnednotch
inthe30-percent-chordsparalsoproduceda propagationcurveshilarin
shapeto alltheotherpropagationcurves.

Thestatictestsofpartiallyfailedwingsindicatedthatthestrength
ofthetensionsurfacewasconsiderablylessthanthecalculatedstrength
obtainedfromconsiderationofthesmountofmb,terialthatfailed.In
spiteof thisstrengthreductionin thetensionsurface,theresistanceof
thewingtothebendingloadstobe expectedinflightwasverygoodeven
withlargefailurespresent.This,conditionoccurredbecause,inorderto
haveadequatestrengthforthenegativedesignload,thelowersurfacehad
excessstrengthforthepositivedesignload.

Thereductionin strengthof thetensionsurfacevariedwiththe
smountofmaterialfailedandwasindependentof theparticularelements
involvedintheareathatfailedinfatigue.Thisstrengthreductionwas
foundtocomparefavorablywiththeresultsof similartestson small
monoblockspecimens.

INTRODUCTIONs

Thereappearstobe littledoubtthatthepracticalandeconomically
feasibleaircraftstructurewillsuffersomesortoffatiguedifficulties
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beforeitsusefullifehasbeencompleted.
*

Fortunately,inthemajority
ofpastcases,thesedifficultieshavenotcausedcatastrophicfailure
ofthestructure.Thosecaseswhichhaveencounteredfatiguewithout Q
thesubsequentlossof theairplaneexhibitcertaincharacteristicsin
variousdegrees.Thesecharacteristicsare(1)slowfatigue-crackpropa-
gation,particularlythroughthebasicstructure,whichenablesthe
detectionof fatigueduringinspectionsoftheairplane,and(2)no seri-
ouslossin staticstrengthbeforethediscoveryofthefatiguecrack.
Notallairplaneshavepossessedthesefavorablefatiguecharacteristics.
Thusthequestionarisesastowhysomeaircraftstructurespossessthese
favorablecharacteristicswhereasothersdonot. Thisquestioncannot
be answeredcon@etelyatthisthe, butsomeinformationwhichbears
directlyonthisquestionhasbeenobtainedasa resultofa fatigue
researchprogramonthewingsof c-46airplanes.

Thepurposeofthispaperisto examinethec-46wingstructurein
somedetailin itsrelationto crackpropagationandresidualstatic
strength.Thepropagationofallfatiguecracksis shownaccompanied
by an explanationoftheprogressofthecrackthroughtheelementsof d
thestructure.Someofthereasonsfortheparticularbehaviorobserved
arediscussed.Theactualstaticstrengthofthewingsiscomparedwith
thecalculatedstrength.Thebasicinformationis summar kizedintabular
form,showngraphically,andcompsmedjwherepossible,withothershi.lar
testdata.

SPECIMENSANDPROCEDURE

Thegeneralcharacteristicsofthec-46airplanearelistedinref-
erence1. Eachspecimenconsistedofa centersectionandtwoouter
panels.Thewingstructurewasoftheall-metal,riveted,stressed-skin
typeof construction.A crosssectionofthewingstructureatwing-span
station214,wheremostofthefatiguecracksoccurred,is showninfig-
ure1. Thewingskin,doublerplates,andhat-sectionstiffenerswere
madeof2024-T3aluminwncladmaterialandthesparcapsandallother
stiffenerswere2024-T4aluminumextrusions.

Allthefatiguecracksoccurredonthetensionsurfaceofthewing.
Thetensionsurfaceofthewingisdefinedasallstructuralmaterial
belowtheoriginalneutralaxisofthewingwiththeexceptionofthe
shearwebsofthespars.Thedetailsofthetensionsurfaceofthewing
intheareaof interestareshowninfigure2 inwhichallstructural
elementsof skin,doublers,sparcaps,andstiffenershavebeenassigned
an identificationnumber.Thesizeanda descriptionofeachofthese
elementsisincludedintableI. Alsoshowninfigure2 isa planview
ofa portionofthetensionsurfaceoftheouterpanelshowingtheloca.
tionofthevariousskinareaswithrespecttothespanstations.
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It canbe
fener,element

3

seenfromtableI andfigure2 thattheheavyteestif-
30,isthelargestsingleelementinthetensionsurface

andisoneofthe-principalm%ers o=thestructmein resistanceto
wingbendingloads.Thislargestiffenerformstheflangeofa third
wingsparabout3 inchesinboardof station195,wheretheouterpanel
joinsthecentersection.

Somepertinentcharacteristicsofthestructureat spanstation214
aregiveninthefollowingtable:

‘T&3altensionarea,sqin. . . . . . . . . . . . . . . . . . . 11.927
Percentageoftensionareain skinanddoublers,. . . . . . . . 58.4
Percentageoftensionareain sparcaps. . . . . . . . . . . . 11.2
Percentageoftensionareain stiffeners. . . . . . . . . . . 30.4
Momentof inertiaof completewingsection,forpositive
bendingloads,in.u. . . . . . . . . . . . . . . . . . . . . 4057.81

Constsmt-smplitude-typefatiguetestswereconductedonninecom-
. pletewingsat fivedifferentalternating-loadlevels& of1.00,

0.625, 0.425,0.35,0.25,andallweresuperimposedupona mesmloadof
l.oog.Thedesignultimateloadfactorwas4.63in cotiinationwithan-a airplanegrossweightof 45,000pounds.Twospecimens(completewings)
weretestedat thehighestload,threeat thenexthighest,twoat the
next,andoneat eachofthetwolowestloads.Mostoftheconstant-
smplitudetestsaredescribedinreference1 anda photographofthe
constant-amplitudefatigue-testingsetupis shownas figure3.

Inorderto forcea crackto originateina heavyelementor a spar
cap,ratherthanintheskin,-oneotherouterpanelwasslightlymodified.
Oneoftherivetswhichattachedthewingskintothetensionsparflange
nearspanstation210wasremovedanda sharp(0.001-inchradius)notch
wasmachinedintothesideoftheholethroughtheflange.Thiswingwas
testedat a constantauplitudeof0.625g.

Inalmostallcases,thefatiguecracksinthewingstructurewere 1

1 inchlong,orless.discoveredwhentheywereabout~ Thechordwisepro-

jectedlengthofallcrackswasmeasuredforallcalculations.Thedis-
coveryofthesesmallcrackswasmadepossibleby theuseofbondedwires
as crackdetectorssupplanentedby carefulandfrequentvisualinspec-
tions.Theuseofthesebondedwiresto detectsmallfatiguecracksis
describedinappendixA ofreference1. Oncea crackwasdiscovered,a
detailedrecordof itsgrowthwaskept,andeachmeasurementwascorre-
latedwiththenuniberof cyclesof loadapplied.Theaccuratemeasure-*
mentofthecrackswasverydifficultin somecasesbecausethestif-
fenersandsomedoublerplateswereinsidethewing.Measurementsof

4 theseinternalelementswereaccomplishedthroughseveralinspection
cutoutsatthistingstationwiththeaidofa mirror.Thefatiguecracks



4 NACATN3847

wereallowedto growto differentextentsonthevariousspecimensand
.

rangedfroma rathersmallcrackupto oneswhichincludedaboutone-
halfthecross-sectionalareaofthetensionsurface.In someofthe w
latertests,thewingswereinspectedperiodicallywitha portableX-ray
machineinadditiontothevisualinspections.

Afterthefatiguetestswerecompleted,theouterwingpanelswere
removedfromthewingcentersectionandplacedinthestatictesting
fixturewhichis showninfigure4. Theouterwingpanelswerethen
loadedby meansofhydraulicjacksuntilcompletefailureofthestruc-
tureoccurred.

RESULTSANDDISCUSSION

Fatigue-CrackPropagation

Generaldescriptionof cracks.-Allthefatiguecracksthatgrew
untiltheirrespectivepropagationcurvesindicatedthatthewingwould
failifthetestwerecontinuedarelistedIntdbleII. Thecracks
occurredatthreedifferentlocationswhichareindicatedinfiwe 2
andcanbe describedgenerallyas follows:

.

v’

Area IOcation Spanstation

I Vicinityof cutoutB 214
II Cornerof cutoutF 214
111 Joggleindoubler 195

Ofthe17 cracksreportedhere,12originatedinarea1,3 in
areaII,1 inarea111,and1 ina machinednotch.Nineofthe12 cracks
thatoriginatedinareaI initiatedattheedgeoftheexternaldotiler
platebetweenthe30-percent-chordsparandcutoutB. Theotherthree
initiatedonlya fewinchesawayattheoutboardrearcornerof cutoutB.
A smallcracksometimesoriginatedinthedoubler(elementl.1)inthe
forwardtnboardcornerof cutoutB. Thiscracknevergrewuntilanother
crackoriginatinginareaI progressedto it sobothwereconsideredto
be inareaI. Allthesecracksprogressedthroughthesameelements
inapproximatelythesameorder.

Forpurposesofthecrack-propagationstudies,thelinearmeasure-
mentsofthecrackswereconvertedto cross-section&1areaandexpressed *
asa percentageofthetctaloriginalcross-sectionalareaofthetension
surfaceofthewingatthespanstationatwhichthecrackoccurred. b
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*
Theindividualcrack-prupagationcurvesforallthecracksand

explanationsofthesequenceofmaterialthatfailedareshowninfig-
‘4 ure5. Theregionshowninthesefiguresiswhereallfatigueactivity

occurred.Thisregion-isfromcutoutA to cutoutF as showninfigure2.
~ mostinstancesthenuniberof cyclesforcaqletefailureofthewing
couldbe estimatedwithreasonableaccuracybecauseofthesteepslope
ofthepropagationcurvesatthecessationoffatiguetests.Thepoint,
neartheendofthetest,atwhichthepropagationchangesfromslow
growthto rapidgrowthisdefinedasthecriticalpoint.Thispoint
wasdeterminedby theIntersectionoftwostraightlinesfairedthrough
theinitial-low-slopeportionandthefinal-high-slopeportionandis
indicatedbyan x onthepropagationcurvesthathavea criticalpoint.
A fewfatiguecrackswerenotallowedto growbeyondthecriticalpetit
inorderto havewingswithsmallamountsofmaterial.failedforthe
residual-static-strengthtests.~ thesecasesthentier of cyclesto
completefailureofthewingcouldnotbe estimated.

Constsmt-smplitudetests.-Allcracksoriginatedat somestress-
* raiser.~ mostcasesthecracksinitiatedintheskinordoublerand

grewata uniformrateuntila stiffenerwasencountered.Thestiffener
thenususllyslowedtheprogressofthecrackintheskinwhilethestif-

4 feneritselffailedprogressively.Therateof crackgrowththroughthe
stiffenerwas,inmostcases,morerapidthantheprecedingskinfailure
as indicatedby thediscontinuitiesintheinitial-low-slopeportionof
someofthepropagationcurves.Mostoftheskinanddotilersinthe
neighborhoodofa stiffenerwerefailedbeforethestiffeneritself
failedcompletelysothat,whenthestiffenerdidfail,theloaditfor-
merlycarriedwasshifteddirectlyto anotherstiffeneror spar.The
bestexsmpleofthisactionis shown(seefig.5(p))by thefailureof
thebulbtee(element29). Afteritfailed,theloadwastransferred
to theheavyteeandthe30-percent-chordsparflsmge(elements28and30)
becausetheneigliboringskinanddotiler(elements3 and13)hadalready
failed.Thissituationresultedina slowrateof crackpropagationuntil
a crackinitiatedintheadjacentheavystiffeners(element28 or30).
Thestiffenerfailureswillbe discussedlater.

No largestiffenersor sparcaps(elements28 smd30)werefailed
completelybeforethecriticalpointwasreached.Inmostcasesthe
failureofoneoftheseelementswasinvolvedintheincreaseinrate
ofgrowthatthecriticalpoint.In somecases,suchasthecurvesof
figures5(b)and5(Z),a definitecriticalpointwasreachedandthe
crackgrowthbecamerapidbeforethecrackstartedineitherelement28
or 30. Thus,a definitecriticalpointisnotdueto thelocationof
theinitialcrackinrelationtotheseheavyelements.

.
Infigure6 thepropagationcurvesoftypicalfailuresforseveral

loadlevelsareshown.The*scissainthisfigureisthenuniberof* loadcyclesapplied~ressed asa percentageofthenumberof cycles
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to completewingfailureas esthatedfromthepropagationcurvesof
figure5. It csnbe seenfromfigure6 thatthecriticalpointusually
occurredatabout95percentofthetotal.lifetimeandthepercentageof
cross-sectionaltensionareafailedatthecriticalpointdecreasedas
theloadlevelincreased.Thislattertrendis showngraphicallyin
figure7 inwhichthepercentageoftensionsreafailedatthecritics.1
pointis shownas a functionoftheloadlevel.Thisfigureindicates
that,atsomeconstsntloadlevelhigherthanthoseusedinthesetests,
thecriticalpercentageofareafailedwouldbesosmallthatallthe
observablecrackgrowthwouldprobablybebeyondthecriticalpointand
thusveryrapid.Thereis scatterinthedataespeciallyattheinter-
mediatelevelof A = 0.625.Thisspreadiscausedpaz%iallybythe
factthatmorespecimensweretestedatthislevelthananyotherlevel
andbecausecracksinitiatedinallthreefailureareasatthislevel.
Thespreadisalsocausedbythefactthatsomecurvesdidnotpossess
a sharpkneesndthusthecriticalpointwasmibjectto somevariation.

Figure8 showstherelationbetweentheloadlevelandthepercent-
ageoflifettieremainingaftera crackhasattaineda sizeof1 percent
ofthecross-sectionaltensionsrea.Thisfigureindicatesthatthe
percentageofthelifettieremainingafterthissmallcracksizehas
beenattaineddecreaseswithincreasingloadlevel.Someofthescatter
presentinthisfigureisprobsblycausedbythedifficultyindeter-
miningthelifetimeatthel-percent-failurepointsincethepropagation
curvesareverynearlyhorizontal.inthisregion.Thesedatapoints
shouldnotbe expectedto fallalonga smoothcurvesincethestructure
isa complexonecomposedofmanyelements.Theseineareasarenot
involvedinallthewingsatthel-percent-failurepoint.

Inviewofthetrendsshownbyfigures7 and8, itappearsthatat
higherloadlevelsthereislesslifetimeremainingafterthecrackhas
initiatedandthecriticalpercentagebecomessmaller.Thismightindi-
catethat,foranairplanesubjectedprincipallytohighloadsasmight
be encounteredin severemaneuvers,allthevisiblecrackgrowthwould
bebeyondthecriticalpointandthereforeveryrapid.It isgenerally
assumedinthiscountryaswellas inothercountriesthatlowrather
thanhighconsts.ntloadsaremorerepresentativeofthegust-loadspec-
trumofa transportairplane.Ifthisistruethentherewouldappear
tobe a considerableportionofthelifetimeduringwhichthecrackwould
growslowly,atleastforthistypeof structure.Thislongperiodof
ELOWgrowthwotidallowconsiderabletw forthecracktobe discovered
duringnormal.inspectionsoftheairplanein service.Theadvantageof
thisfavorablesituationmightbe difficulttorealizeifthecrackini-
tiatedina largestiffeneror sparcapthatwasinitselfa largerpor-
tionofthetensionareathanthecriticalpercentage.

Notched-spartest.-An attemptwasmadeto investigateinmore
detailtheeffectofthelocationoftheinitialfatiguecrackonthe
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crack-propagationchsxacteristics.Sinceallthecracksthusfardis-
cussedoriginatedeitherinthewingskinordoublerplates,anattempt
wasmadeto forcea crackto initiateinthemain(30-percent-chord)
sparflangeby notchingitaspreviouslydescribed.As canbe seenfrom
thecrack-propagationcurveoffigure5(q),thecrackoriginatedatthe
rootofthemachinednotch.Thegrowthofthecrackinthesparcap,
however,wasextremelyslow,andbeforeithadgrownappreciablycracks
originatedinthreeotherlocationsonthewing. Attemptsweremadeto
stopdrilltwoofthesecrackswith1/8-inchholesinorderto obtain
theinformationdesiredfromthesparflange,butthepropagationof
thesecrackswasslowedonlyslightlybythestopdrilling.Thetest
wasdiscontinuedwhenabout15percentofthew3ngtensionareahsdbeen
failedbytheskincrackswhereasthecrackinthesparstillsmounted
to onlyabout7 percentofthespsr-flangearea. Thefactthatthe
propagationcurveexhibitsa gradualincreasein slopeintheregionof
thecriticslpointcouldbedueto thestop-drillingoperationsandthe
complicatedeffectsof severalcracksgrowingconcurrently.The
30-percen&chordspar~esrs tobe oneofthemorehighlystressedele-

% mentsinthestructure.Sincetheinitislcrackingdidstartattheend
ofthemachinednotch,itwas~ected thatthespsrflamgewouldfail
completelyatan earlystage.Thisjhowever,wasnotthecase.The

4 finalfailureofthewing,however,occurredmuchsoonerthsmmy other
failureatthesaneloadlevel.Thiscouldhavebeenexpectedifthe,
crackinthesparflangeshadprogressedthroughtheflangeesrlyh the
test. Thesmallsizeofthecrackattheendofthetest,however,
shouldnothaveaffectedthefinal.lifetime.

Crackprop-ationthroughstiffeners.-An attemptwasmadeto obtain
informationonthefatigue-crackpropagationthroughindividualstiffeners
andsparcaps. Crack-propagationcurvesforseveralstiffenersandspar
capssreshowninfi~e 9. Considerabledifficultywasexperiencedin
obtainingthedatasincethestiffenersandsparflangeswereonthe
insideofthewingandcouldonl.ybeviewedthroughinspectioncutouts
by usinga mirrorandlight.Propagationinformationwasobtainedonly
on elements28, 2$),ad 30becausetheseelementsweretheonlyones
largeenoughh theprincipalregionof fatigueactivityfromwhich
propagationdatacouldbeobtained.Allthreeofthesestiffenerswere
tee-shapedextrusionsas shownbyfigure2. Thefirstpointon each
stiffenerpropagationcurvewasthelastobservationinwhichno crack
wasobservedinthestiffener.Someofthesefigurescontainseveral
curves.Eachfigurerepresentsonespecimenandmsycontaincurvesfor
severalstiffenersonbothwings.-

A crack-propagationcurvesimilartothecrack-prop~ationcurves
. oftheentirewingstructurewasobtainedfromthefailureofoneofthe

sparflanges(element28). Thiscurveisshowninfigure9(e). The
elementwasfroma wingtestedatthelowestloadlevelsothatthemsx-a hum stressintheelementwaslowerthanthatinanyotherofthewings
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tested.A fatiguecrackwasdetectedby a crackdetectorwire(indicated “
by theletterE)whenonlyabout5 percentoftheelementwasfailed.
Thecrackthenprogressedto a rivetholewhichslowedtheprogressof ‘d
thecrack.Thecurvethenexhibiteda criticalpointwherethegrowth
ofthecrackbecsmerapid.Thiscriticalpointoccurredat*out 10per-
centoftheareaoftheelement,whichagreeswiththepercentageatthe
criticalpointfortheentirewingstructureatthisloadlevel.

Anotherpropagationcurvesimilartothepropagationcurvesofthe
entirewingstructurewasobtainedfromanotherelement.Thiscurveis
showninfigure9(b).Thiselementistheheavyteestiffener(element30).
AlthoughtheloadlevelAn ofthetestwas0.625, therateofprogress
ofthecrackwasslow. Onereasonforthiswasthatelement30hada
lsrgersreathananyotherelementinthewingandstartedto failwhen
thewinghada littlemorethan1 percentoftheentireareafailed.The
mostnoticeabledifferencebetweenthiscurveandthewingpropagation
curveswasthatthecriticalpointoccurredatabout35percentofthe
areaoftheelement.!Ihatpointcorrespondedwiththecriticalpoint
forthewholewingatwhichtime5.8percentofthewingtensionarea
wasfailed.Theshapeofthesestiffenerpropagationcurvesdependson
thealternatingloadlevelandtheincreasein stressinthestiffener
duringthetest. Thefailureofthesurroundingmaterialcausesmore
loadtobe addedprogressivelyto thestiffenerandthusincreasesthe
stress.Sincethecracksprogressthroughtheelementsin slightlydif-
ferentordersineachwing,thestiffenerpropagationcurvesaremibject
to somevariation.

*

.

ResidualStaticStrength

GenersJ-descriptionof staticfailures.-Afterthewingshadbeen
fatipxzetesteduntilvsrioussmountsofthecross-sectional.tensionsrea
had;ailed,mostofthewingswerethentestedinthestatic-testloading
fixtureto determinetheremainingstaticstrength.

Thestressdistributioninthewingwhenloadedonthestatic-test
fixturewasverynearlythesameasthatwhentheouterpanelswere
loadedwhileattachedinthenormalmanneronthewingcentersection
inthefati~e,testingmachine.Thechordwisestressdistributionis
showninfigure10fora loadingof4.Ogwhichisappliedinbothloading
devices.Thestationchosenforthissurvey(station235)wastheclosest
stationto theareaofinterestwhichwasfreeof cutouts,doublers,and
otherdiscontinuities.Itmaybe seenfromthisfigurethatthechord-
wiselocationofthepointsofmsximumstressagreeswellwitheachother
andthatthedifferencebetweenthecurvesobtainedfromthetwoloading .

systemsissmall.Alsoincludedinthisfigureforcomparisonisthe
chordwisedistributionofdesignbendingstressesobtainedfromthe
structuralanalysisoftheairplane.

b
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A photographof a typicalstaticfailureisshowninfigure11.
Thestaticfailuresofthec-46-s wereingeneracontinuationsof

d thefatiguefailureel.readypresent.Thefailuresusuallyranforwerd
fromthefatiguedareatotheforanostinspectioncutoutandthenslsnted
Noard to theleading-edgeattachangle.Theleading-edgestructure
usuallyfailedby shearfailureoftherivetsattachingtheskinto the
attachamgle.Thefailureb therearwarddirectionranalongtheline
of inspectioncutoutsatwingstation2.14andsometimesshiftedoutboard
totheedgeoftheinternaldoublersurroundingeachofthesecutouts.
The70-percent-chordspa?alwsysfailedby shearingrivetswhichattached
itto thewingskinandattachangle.The30-percent-chordsparfailed
ina similsrmannerwhenno fatiguefailurewaspresentinthismember.
There“weretwocasesinwhichthisspsrcapfracturedwhenno fatigue
failurehadbeenobsezwedtobe presentinthesparcap. An exmul.nation
ofbothofthesefracturedsurfacesaf%erthestatictests,however,
revealedsmsllregionsof fatiguefailurewhichsmountedto 1 to 2 per.
centofthespar-capsrea. Therewerealsotwocasesinwhichinspection
oftheheavytee(element30)revealedmall regionsof fatiguefa.ilure

. afterthestatictest.

* Inonecase,failureofthewingwasprecipitatedbybucklingofthe
compressionsurfaceatwingstation214. ~ 3 percentofthetension
surfaceofthiswinghadfailedinthefatiguetest,andthissmall
amountwasnotenoughto reducethestren@hofthetensionsurfacebelow
thatofthecompressionsurface.

Residual-static-strengthanalysis.-Thestaticstrengthremsan
inthec-46wingsaftervsriousamountsofthetensionmaterialhadbeen
failedby fatigueis includedintale III. Sincethemometiof tietiia
ofthewingsectionisa goodindicationof itsresistancetobending
loads,thestatic-strengthdatafromtsbleIIIhavebeenplottedinfig-
ure12 againstthemomentof inertiaremaininginthewingatthebegin-
ningof eachstatictest. Alsoshowninthisfigureisa curverepre-
sentingthecalculatedbendhg stren@hofthewingsatthebeginningof
thestatictest. Thecalculatedstrengthwasobtainedfroma reanalysis
oftheWng structure.Thisreanalysistakesintoaccountthereduction
in sectionpropertiesduetotheeliminationfromthewingsectionof
thattensionmaterialwhichhadbeenfailedinfatigue.Thecal.tiations
indicatedthatfailureofthewingwouldoccurby bucklingofthec~res-
sionsurfaceuntilthemomentof inertiawasreducedto about3,200
inches4.Anyfurtherreductionb“themomentof inertiadueto lossof
moretensionmaterialshouldresultinfailureofthetensionsurface.
Figure12 showsthattheonewingwhichfailedin compressionagrees

. wellwiththecalculatedvalue,butthefailureshiftsto thetension
surfaceata pointwherethemomentof inertiahadonlybeenreduced
to about3,900inchesk.Theactualstrengthfallswellbelowthatindi-

● catedby thecalculatedcurve.Thisfactindicatesthatthestrengthof
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thetensionsurfacewasreducedconsiderablymorethanwouldbe
shplyby theremovalofthematerialfailedinfatigue.

TN3847

indicated -

b

~s reductionin strengbhis shownclearlyinfigure13 inwhich
thestaticstrengthofthetensionsurfaceofthewingisplottedsgainst
thepercentof cross-sectionaltensionsrearemaininginthewing. The
solidlineinfigure13 showstherelationshipbetweenthecalculated
strengthofthetensionsurface=d thetensionarearemainingafter
fatiguefailure.Thecalculatedstrengthisbasedonthereducedsection
propertiesofthewingafterthefatiguetest. Structuralanalysisof
thewingindicatedthestrengthofthetensionsurfaceofanundemaged
wingtobe about@ percentgreaterthsmthatofthecompressionsurface
forpositivebendingloads.Thecalculationsindicatedthatifthe
compressionsurfacedidnotbucklethestrengthofthetensionsurface
wouldbe7.49g.Thisvaluewasthereforeusedasthecalculatedstatic
strengthof anundsmsgedtensionsurface,andtheactualstaticstrengths
obtainedfromthetestsareplottedasa percentageofthisfigure.No
static-strengthreductionfactorduetoholesor cutoutswasusedinthis
calculation. .

It canbe seeninfigure13thattheactualstrengkhislessthan
thecalculatedstrengthby~out thessmesmountthroughouttherangeof ●

thetestvslues.Thisreductionsmountsto about23percentofthestatic
strengthof anundsmsgedwing. Thisreductionin strengthcsmalsobe
expressedas a static-strengthreductionfactorwhichisdefinedhereas
theratiobetweenthecalculatedstrengthendtheactualstrengthatthe
ssmepercentageofmaterialremaining.Thisfactorisc~culatedfor
eachwingandislistedintdbleIII. In figure14thisstatic-strength
reductionfactorisplottedagainstthepercentoftensionarearemaining
inthewing. Thisfigureindicatesthatastheemountoftensionsrea
remaininginthewingdecreasesthestatic-strengthreductionfactor
increases.Thisincreaseisduetothestaticstrengthdecreasingwhile
thedifferencebetweenthecalculatedstrengthandtheactualstrength
remainsconstsmt.!Ihisfactorcanbeuseddirectlyslongwiththecal-
culatedstrengthto findtheactualstrength.

M figure15 theresidualstaticstrengthofthewingtensionsur-
faceiscomparedwiththeresultsoftensiontestsconductedon~-inch-

wide2024-T3aluminumspectiens(ref.2). It csnbeseenthatthereis
remsrkabl.ygoodagreementbetweenthetwo. Ex&apolationoftheresults
ofthefull-scsleteststoneartheregionoftheundsmagedwingindi-
catesthata considerablereductioninstaticstrengthofthetension
surfacewouldresultfroma verysmallfatiguecrack. .

Residual-static-strengthresults.-Thedetailedexplanationofthe
structuralelementsfailedindicatesthattheparticularelementsfailed
on a givenwinghadno significanteffectontheresultingstaticstre@hj “
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●

thatis,the
involvedand

d infigure12
spa capwas

11

static stren@hwasdependentonlyonthesmountof area
thetestpointsfeKlapproximatelyalonga linedescribed
or13,regardlessofwhethera largestiffenerorthemain
includedintheareathatfailed.Thisisprobablydueto

tiefat;thatthestructureofthisw3ngwaswelldistributed&d might
notbe thecaseina wtngstructurewherethebendingmaterialwascon-
centratedinheavyelements.

Theresidualstaticstrengthofthec-46wingbasedondesign-load
considerationswasverygood,as indicatedby figure12,principally
becauseofthelargemarginsof safetyinthelowersurfaceofthewing
forthepositive-loadingcase.Theselargemarginsresultedinrelatively
smallreductioninthebendingstren@hofthewholewingeventhoughthe
strengthofthetensionsurfaceitselfhadbeenconsiderablyreduced.
Thelargemarginsof safetyforthepositivedesignloadwereoccasioned
by thefactthatthelowersurfaceofthewingwascriticalb the
negative-loadingcaseinwhichverysmsllmsrginswerepresent.In other
words,inardertohaveadequatestrengthforthenegativedesignload,

k thelowersurfacehadexcessstrengthinthepositive-design-loadcase.

Theresidual-static-strengthdata,figure13,indicatethatthe* c-46wingcouldwithstand,withoutfailure,a positivegustwhichpro-
duceda loadfactorequivalentto thedesignlhd.tloadwithasnuchas
30percentofthelowercross-sectionalareafailedinfatigue.There-
fore,a considerablelengthoftimeshouldexistinwhichthecrackwould
be largeenoughtobe easilydiscoveredandduringthistimethewing
couldwithstandwithoutcatastrophicfailureanyloadthattheairplane
wouldbe likelyto encounter.

Descriptionof failedsurfaces.-Threedifferenttypesoffailures
occurred.Thesethreetypeswerecl)truefatiguefailure,(2)thestatic
typeoffailure,sad(3)-atransitiontypebetweentheseothertwotypes.
Thetruefatiguefailureexhibitedseveralidentifyingcharacteristics
whichwereas follows:(1)slowgrowthofthecrack(2)fracturedsur-
facenormalto theprincipalstressinthememberinvolved,(3)no
“neckingdown”oftheelementatthefracture,(4)a smoothertextureof
thefracturedsurface,(5)concentricringsorradialmarksemanating
fromthenucleusofthefatiguefailure,and(6)someresiduefromfretting
corrosionwasfrequentlypresent.Thestaticfailureof elementswas,of
course,abruptandhadthefollowingcharacteristics:(1)thefractured
surfacewasalongtheusual45°shearplaneanda featheredgewaspro-
ducedatthefracture,(2)necking”downofthematerial,(3)thetexture
ofthefracturedsurfacewassomewhatrougherandhada dullerappearsmce
thsnthefatiguefailure.Thetransitiontypeof failureprogressedat. a morerapidratethanthefatiguefailure.Thefracturedsurfaceofthe
largerelementswasusuallynormaltotheprincipalstress,butthe

d appearanceandtextureofthefracturedsurfaceweremorelikethetex-
tureofthestaticfailurethanthatofthefatiguefailure.
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Generally,thefailureofmostoftheelementsstartedasa fatigue
typeandthenchangedto thetransitiontype.An exsmpleofthisis
showninfigure16(a).At allloadlevelsafterthecriticalpointhad
beenpassed,thefailuresweremostlyofthetransitiontype(see
fig.16(b)).Forcomparativepurposesa purelystaticfailureisshown
infigure16(c).Mostofthefailuresdidnotexhibitalloftheiden-
tifyingcharacteristicsenumerated,andsomewouldbedifficultto clas-
sifyifitwerenotknownbeforehandwhichtypeoffailurehadoccurred.

.

w

CONCLUSIONS

Resultshavebeenpresentedoffatigue-crack-propagationandresidual.-
static-strengthstudiesconductedonfull-scalewingsfromc-46airplanes.

Thefatiguecracksgrewslowlyduringa largeportionofthefatigue
lifeuntila certaincriticalpercentageofthetensionstructureofthe
winghadbeenfailed,afterwhichthecracksgrewrapidly.Thiscritical .
percentageusuallyoccurredatabout95percentofthefatiguelifesmd
itsvaluewasfoundtovaryinverselywiththeloadlevel.Theportion
ofthefatiguelifeduringwhichthecrackwaspresentandgrowingalso w
variedinthesamemanner.

Anothertest,inwhichthefailurewasforcedto initiateina spar
flange,produceda crack-propagationcurvesimilartotheothercrack-
propagationcurves.Allindicationsshowedthatthesparflangeshould
failearlyinthetestbutattheendofthetestthesparflangewas
stillnotcompletelybroken.Thefinalfailureofthewing,however,
occurredmuchsoonerthanforanyotherwingtestedatthesameload
level.

‘Iheresidual-static-strengthtestsonpartiallyfailedwingsindicateti
thatthestrengthofthetensionsurfacewasreducedbythepresenceofthe
fatiguecrackmorethanwouldbe indicatedfromananalysisof thewing
whenonlythesmountofareathatfailedistakenintoaccount.In spite
of thisfact,thedataindicatedthatthewingcouldwithstandanapplica-
tionofpositivedesignlimitloadwithasmuchas 30percentof thelower
cross-sectionalareafailedinfatigue.Thereasonforthisresultwas
that,inorderforthewingtohaveadequatestrengthforthenegative
designload,thelowersurfaceof thewinghadlargemarginsof safetyfor
thepositivedesignload.

Thereductionin strengthof thetensionsurfacewasfoundtocompare
favorablywiththeresultsof similartestson smallmonoblockspecimens. .
Theactualstaticstrengthwasfoundtobe relatedtotheamountof area
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=
thatfailedinfatigueandwasindependentof theparticularelements
involvedin thefatiguefailure.

*

IangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,JLiLy30,1956.
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Figure 16.- Continued.
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(c) Static type failme.
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